GaN nanowires ͑NWs͒ have been synthesized on platinum-coated silicon͑111͒ substrates by the chemical vapor deposition ͑CVD͒ method under different NH 3 /H 2 carrier gas-flow rate ratios. X-ray diffractometer and transmission electron microscope analyses indicate that GaN NWs have wurtzite structures. Nanoscale protrusions with crystal orientation along the ͓002͔ direction were observed on the surface of GaN NWs grown under high H 2 flow rate conditions. As compared to the field-emission result of GaN NWs with smooth surfaces, GaN NWs with nanoscale protrusions exhibit a lower turn-on field of 8.5 V/m and a higher field-enhancement factor of ␤ = 315. These nanoscale protrusions are believed to account for the enhancement of the fieldemission behaviors of GaN NWs. Gallium nitride ͑GaN͒ has a wide direct bandgap of 3.4 eV at room temperature and is a popular semiconductor material with potential applications in blue and UV light emission, high temperature, and high power electronic devices.
Gallium nitride ͑GaN͒ has a wide direct bandgap of 3.4 eV at room temperature and is a popular semiconductor material with potential applications in blue and UV light emission, high temperature, and high power electronic devices. 1, 2 Recent efforts have been devoted to carbon nanotubes ͑CNTs͒ and ZnO nanostructures to improve the performance of conventional Spindt-type Mo field emitters. Because Mo, CNTs, and ZnO have a work function around 4.5 eV, sharp needlelike nanostructures are required to enhance electron emission with sufficient current density. GaN has attractive properties as a material for field emitters, e.g., a lower work function ͑4.1 eV͒ and stronger chemical and mechanical stability than those listed above. These properties make it a desired alternative material for field emitters. Typical GaN nanostructure morphologies include nanowires ͑NWs͒, nanorods, nanobelts, and nanotubes. Recently, needlelike 3 structures and quasi-aligned 4 GaN NWs have been grown and studies have shown that the sharp tip is responsible for the enhancement of the field-emission ͑FE͒ properties of NWs. The resulting turn-on field is ϳ7.5 V/m for needlelike 3 GaN NWs and ϳ7.0 V/m for quasi-aligned 4 GaN NWs. In these studies, the electrons were emitted from the tip of the NW due to its high aspect ratio. The FE characteristics of various GaN NWs created from different synthesizing methods are listed in Table I . All the GaN NWs listed in this table were grown under a constant flow rate of NH 3 . However, no study has ever been performed with different carrier gases, such as H 2 . This report not only shows the effect of different NH 3 /H 2 flow rate ratios on the growth and FE properties but also demonstrates the ability to use platinum as the catalyst for GaN NW growth of many other transition metals, such as Fe, Co, Ni, and Au. Nanoscale protrusions with crystal orientation along the ͓002͔ axis were first observed on the surface of GaN NWs that were grown under high H 2 flow rate conditions. The correlation between the FE behaviors and nanoscale protrusions were also explored in this report.
Experimental
GaN NWs were grown by thermally reacting metallic Ga ͑3 g͒ with different ratios of NH 3 /H 2 gases at 950°C for 30 min. In a horizontal quartz-tube furnace with a diameter of 80 mm and length of 120 cm, a platinum-coated ͑thickness ϳ10 nm͒ Si͑111͒ substrate with an area of 1.5 cm 2 was placed 5 cm downstream from the Ga source. A series of samples were grown using different H 2 /͑NH 3 + H 2 ͒ flow rate ratios with a constant total flow rate of 500 sccm at a temperature of 950°C and total pressure of 260 Torr. The individual growth parameters for each of the samples are tabulated in Table II .
The crystal structure and phase of each of the samples were analyzed using the Rigaku D-Max-IV X-ray diffractometer ͑XRD͒ and JEOL-2010F transmission electron microscope ͑TEM͒. The JEOL-JSM 7000F FE scanning electron microscope ͑FE-SEM͒ was used to examine surface morphology. FE measurements were performed in a vacuum system at a pressure of 2 ϫ 10 −6 Torr. A voltage source was applied to a Pt sphere probe ball with a crosssectional area of 0.7 mm 2 to collect emitted electrons from the grounded GaN NW cathode. The anode-cathode distance was 20 m. Emission current was monitored by a Keithley 237. Figure 1 shows SEM images of typical GaN NW morphologies obtained at four different ratios of H 2 /͑NH 3 + H 2 ͒. The length of these GaN NWs is several micrometers long and the diameter is about 100 nm. GaN NWs are randomly orientated and intersect one another at various points. It is observed that at higher NH 3 /H 2 ratios z E-mail: ingann@mail.ncku.edu.tw 5 of the ͑101͒, ͑002͒, and ͑100͒ planes of wurtzite GaN are 125, 123, and 120 meV/Å 2 , respectively. A crystal plane with a higher surface energy usually represents a higher density of dangling bonds per unit area. Under high temperatures and H 2 flow rate, the highest surface-energy ͑101͒ plane becomes the metastable plane and transforms to a more stable ͑002͒ plane. The effect of the H 2 ambient for decreasing surface energy 6 and the coexistance of ͑101͒ and ͑002͒ planes for GaN NWs were also observed. 4 This growth feature of ͑002͒ planes is consistent with the SEM and TEM observations of Fig. 4 and are discussed in detail later. It is suggested that the existence of H 2 gas is responsible for the formation of the nanoscale protrusions with ͑002͒ orientation.
Results and Discussion
It has been accepted that a nanowire or nanorod with a smaller radius ͑or sharper͒ tip results in a higher local-field intensity at the tip and therefore has an increased field-enhancement factor. As shown in Table I, many different Figure 3a and b shows the FE measurements and corresponding Flower-Nordheim ͑F-N͒ plots of GaN NWs grown under different NH 3 /H 2 ratios. As shown in Fig. 3a , different turn-on fields, which are defined as the electrical field at which the emission current =0.01 mA/cm 2 , are 12, 13, 19, and 8.5 V/m for the samples with H 2 /͑H 2 + NH 3 ͒ ratios equal to 0.2, 0.4, 0.6, and 0.8, respectively. The resulting data is listed in Table II . Compared with the values from the literature as shown in Table I , the turn-on fields from this study are of the same order of magnitude and fall within ϳ10 V/m of the tabulated values. To calculate the field-enhancement factor ͑␤͒, the F-N description of the FE for materials is expressed as follows 2 ͒ is the current density, ͑eV͒ is the effective barrier height ͑GaN = 4.1 eV͒, d͑m͒ is the spacing between cathode ͑GaN NWs͒ and anode ͑Pt ball͒, and ␤ is the field-enhancement factor that depends on the emitter geometry. The effective measurement area 18 on the GaN NWs sample is 0.1 mm 2 . The straight lines of the F-N plots, as shown in Fig. 3b , indicate electron emission from the GaN NWs following FE behaviors. Using the straight lines in the F-N plots, the field-enhancement factor ͑␤͒ of the four different GaN NWs were estimated to be 247, 105, 131, and 315, for H 2 /͑H 2 + NH 3 ͒ ratios of 0.2, 0.4, 0.6, and 0.8, respectively. These results are listed in Table II . The lowest turn-on field of ϳ8.5 V/m and the highest field-enhancement factor ͑␤͒ value of ϳ315 are both observed on the sample grown under the highest H 2 /͑H 2 + NH 3 ͒ ratio of 0.8 with a large amount of nanoscale protrusions on the GaN NWs, as shown in Fig. 1d .
Both the turn-on voltage and the field-enhancement factor ͑␤͒ reveal that the GaN NWs with large amounts of nanoscale protrusions grown with the lowest NH 3 /H 2 ratio exhibit better FE characteristics than those of the other samples. According to Fursey's observations, 19 the nanoscale protrusions/roughness enhances FE behaviors. This phenomenon has been observed on the tungsten tip by the field ion microscope, 20 in which different crystal orientations result in different work functions 21 and each protrusion can be a local emission site. 22 The randomly oriented nanoscale protrusions shown in Fig. 1d can be treated as an array of fine emitters attached to the surface of the GaN NWs and act as multiple FE sources with better or comparable overall FE performance than that of a single sharp tip. Similar results were also observed on NW samples with rough surfaces. 17, [23] [24] [25] In the growth process of GaN NWs with nanoscale protrusions, it is expected that the Ga vapor reacts with the N vapor, which is decomposed from the NH 3 at a high temperature of 950°C to form the GaN structure. It has been reported that hydrogen has a higher surface mobility and can stream easier and faster than the products of GaN molecules. 26 Therefore, hydrogen has a higher tendency to occupy the surface defects on the substrate, which behave as heterogeneous GaN nucleation sites. When the GaN molecules encounter the surface defects created by hydrogen, the large number of nucleation sites enhances the probability of the random growth of GaN crystals. 27 Hence, the nanoscale GaN protrusions are observed when GaN NWs are grown under high amounts of H 2 carrier gas.
In Fig. 4a a typical low-magnification TEM image of GaN NWs with protrusions is shown. The diameter of the NW is about 100 nm with a protrusion size of about 50 nm. The inset in Fig. 4a displays the corresponding diffraction pattern, which can be seen to have the hexagonal wurtzite GaN structure with NWs along the ͓110͔ direc- tion and protrusions in the ͓002͔ direction. The compositions of NWs are displayed in the energy dispersive spectrum ͑EDS͒ in Fig.  4b and can be noted to have a Ga-to-N ratio close to 1. Figure 4c shows the high-resolution TEM ͑HRTEM͒ image of a protrusion from the GaN NW and Fig. 4d shows a magnified lattice image of the region in circle A. The clear image illustrates that the protrusions grow along the ͓002͔ direction from the GaN NW.
Conclusion
This report demonstrates that platinum can be used as the catalyst to grow GaN NWs as well as many other transition metals through typical thermal CVD reactions of metallic Ga, NH 3 and H 2 carrier gas on platinum-coated Si substrate. SEM images indicate that the average diameter of the GaN NWs are about 100 nm with random orientations. XRD and TEM diffraction patterns show that GaN NWs have hexagonal wurtzite structures. In the sample grown with a high H 2 gas ratio, e.g., NH 3 /H 2 = 100:400, the high-surfaceenergy ͑101͒ plane of the GaN NWs evolves into nanoscale ͑002͒ plane orientated protrusions to reduce the total surface energy. This result is consistent with the XRD preferred-orientation analysis, TEM, and SEM observations. HRTEM reveals that GaN NWs grow along the ͓110͔ direction with nanoscale protrusions along the ͓002͔ direction. With the study of the effect of different flow rate ratios of NH 3 /H 2 on the GaN NWs growth and their corresponding FE prop- Table II. erties, it is noted that both the lowest turn-on field of ϳ8.5 V/m and the highest field-enhancement factor ͑␤͒ value of ϳ315 is observed on the sample grown under the highest H 2 /͑H 2 + NH 3 ͒ ratio of 0.8. Additionally, the GaN NW grown under these conditions also has a large amount of nanoscale protrusions on the surface, as shown in Fig. 1d . These observations suggest that nanoscale GaN protrusions can act as multiple FE sources that provide better overall FE performance than that of a single sharp tip.
